The mechanism of sperm transfer and sperm organization inside the spermatheca was investigated in Dichromorpha viridis (Scudder). Spermathecae from single-and multiple-mated females whose copulations were interrupted at various prescribed time intervals, were examined histologically. Sperm organization inside the spermatheca from 24 to 120 hours after copulation had terminated was also investigated.
Introduction
In many animals, sperm competition has been a major selective force in the evolution of mating strategies (Parker 1970 , Smith 1984 , Birkhead and Moller 1992 . Sperm competition occurs when two or more males inseminate a single female during a reproductive cycle and compete to fertilize her eggs (Parker 1970 ). In the grasshoppers (Acrididae), sperm precedence studies suggest sperm competition, because the two males that mate with a female often do not contribute equally to paternity, and sperm competition is the logical explanation ( Competition among males to fertilize a female's eggs leads to antagonistic mechanisms, where a given male either reduces the effectiveness of subsequent matings to protect his sperm or gains precedence in paternity over stored sperm (Parker 1984) . The particular adaptations which develop depend on various factors such as the presence and form of sperm storage (i.e., spermathecae), sperm longevity, multiple mating opportunities, and energetic costs associated with reproduction in both sexes (Parker 1970 , Smith 1984 Otte 1972 ). This study treats a species, Dicrhomorpha viridis (Scudder), in which pair formation, according to Otte (1970) , is simple. Although acoustical signals do not precede mating in the field, they are used by copulating males presumably to thwart would be intruders. Males have not been observed to fight except in attempts by one male to dislodge a copulating male. The behavioral data indicate that it is the copulation itself that is the primary social concern. Given preliminary data that copulation duration is highly variable although generally lengthy, this species becomes a choice candidate for studies directed at assessing the significance of "cryptic" female choice (choice exerted after pair formation) and/or male sperm competition in shaping the mating system. The planned approach involved monitoring the sperm transfer histologically, quantifying nutrient transfer via the use of radioactive isotopes and using DNA markers to assess paternity when females mate more than once. This paper treats the results of the histological investigation as a possible explanation into the mechanism of sperm transfer and in doing so partially explains the lengthiness and variability of copulation duration.
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Field: Two censuses were conducted daily, initiated at 1100 and 1400 hours, with mating pairs caged and examined at 1700 and 900 (and on weekdays at 2000) to determine if pairs had separated. After separation, individuals were marked, weighed and photographed. Femur, tegmen, and overall length were also measured. In addition, every two weeks, 50 individuals that did not mate that day were weighed, and femur and overall length determined. Between censuses, behavior of marked males was monitored. There was no indication that interacting individuals were disturbed by an observer's presence, and males in some cases approached and attempted to mate with females who were feeding on the observer's clothing. A tape recorder was used to record the observer's descriptions of pair formation.
Histology Single and Multiple Interrupted Matings
Either teneral or last instar females and males were collected in the field and maintained in the laboratory until controlled matings could be conducted. Females were housed separately from males, and individuals were marked for identification as soon as they molted into adults. Both single and multiple matings were conducted. Females were isolated from males for at least seven days prior to copulation. Between 6 and 10 females were placed in the male cage and allowed to form pairs. Once a pair had formed, they were removed and placed in a smaller cage to prevent takeover by another male. The females assigned to single matings were allowed to mate for a prescribed time interval. The females assigned to multiple matings were allowed to mate to completion on the first mating and then reintroduced to the male cage two to five days after the first mating for a second copulation. No oviposition occurred during the experimental period between first and second matings, and, therefore, loss of ejaculates through utilization for fertilization can be excluded. In both groups, copulations were interrupted at a prescribed time interval by placing the copulating individuals in a -70?C freezer. The spermathecae were dissected from the female, fixed in Carnoy's fixative for three hours, dehydrated with an ethanol series, and embedded in paraffin. Transverse serial sections were cut (7 p) and stained with Feulgen's stain which is specific for DNA (Boone and Drijver 1986) and, therefore, allowed easy recognition of sperm within the spermathecae. By comparing sequential sections so that individual sperm bundles could be identified, the locations and number of sperm bundles transferred to the female spermatheca during interrupted matings could be obtained. These assessments represent minimum estimates of sperm bundles present as, despite efforts to the contrary, a few sections were probably lost as ribbons were cut or transferred to slides. Also, it was sometimes difficult to tell where one sperm bundle ended and another began. We erred on the side of conservatism and only tallied two sperm bundles at the exact same location if one appeared in that location two or more sections after the other had disappeared. Two sperm bundles that happened to lie on top of one another and were located closer to each other than two sections (14 p) would be counted as one bundle. Individuals were allowed to mate to completion and then males were removed from the individual pair cages. The females were then placed in a -70 ?C freezer at a prescribed time (24, 48, 72, 96, and 120 hours) (n=2 for each) after copulation had finished. No oviposition occurred after copulation had finished and within the prescribed time period. Therefore, loss of ejaculates through utilization for fertilization can be excluded. The spermathecae were prepared for histological examination as described above.
Sperm Organization with Regard to Oviposition
Adult females (n=8) were collected from the field and placed immediately in individual cages with oviposition sand cups for seven days. The females were then placed in a -70?C freezer and the presence of any egg pods in the sand cups noted. The spermathecae were prepared for histological examination as described above.
Scanning Electron Microscopy
Virgin mature females were dissected in Hoyle's solution, and the spermathecae were cut open using a very sharp blade under a dissection microscope. The individual pieces were fixed in 3% glutaraldehyde (pH 7.4, phosphate-buffered saline) at 4?C for 24 hours. Secondary fixation in osmium tetroxide (2%) was followed by an ethanol dehydration series and critical point drying. Samples were mounted on stubs, sputter-coated with gold-palladium, and examined using a Joel T300 scanning electron microscope.
Results

Field Behavior
No sign of any behavior that could functionally be categorized as "courtship" was observed in the field. Two to three males could be observed simultaneously for periods of 60-120 minutes. Males spent most of the day perched on vegetation, 10 -20 cm above the ground. About 10% (29) of the 278 males whose behavior was monitored moved out of the vicinity during an observation period. In 26 cases, this occurred after a female moved near (within about 30 cm) but then moved off in another direction without orienting to the nearby male. Females who moved to within about 30 cm of a male were approached, although females were not pursued if they moved away. There were only five instances in which two males approached the same female at about the same time. In all cases, the second male to mount appeared to be trying to dislodge the first male in order to mount the female. In four cases both males dismounted before engaging genitalia. Only in one case did the second male succeed in displacing the first male to mount the female. In general, males who encountered copulating pairs while moving through the habitat oriented toward, but did not approach the mating pair. Only in two instances did males who encountered mating pairs try to displace the first male. In one of those instances the second male was successful. In 8 instances (of 36 observations) males who were encountered, "stridulated", as described by Otte (1970) . Hind femora were vibrated rapidly against the tegmina producing audible sound.
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Methods
Copulation Duration
In the field, a mating was defined as taking place if the pair engaged genitalia. Mean copulation durations for pairs included in the census was 13.2 hr. Copulation duration, however, was highly variable, lasting from less than 5 min to 72 hr.
In the laboratory, mating was also defined as taking place if the pair engaged genitalia. However, in the laboratory, because densities were high in mating cages, "accidental pairings" were common. Feeding females bumped into males who then turned toward them and attempted to mount. To avoid an estimate of copulation duration that would be biased towards accidental encounters not common in nature, copulatory attempts lasting less than 15 min were not scored. The mean copulation duration among pairs who were allowed to mate to completion was 28.5 hr with a minimum of 17 hr and a maximum of 55 hr.
Histological Survey
The sperm storage organ, or spermatheca, of D. viridis consists of a small chamber, the preapical diverticulum or distal chamber(dc), and a long duct, the ductus seminalis (ds) (Fig. 1) . The ductus seminalis connects the spermatheca to the genital chamber where fertilization occurs as the eggs pass from the oviducts into the genital chamber (Davey 1985). The external appearance and shape of the spermatheca of D. viridis appears very similar to that of Locusta migratoria (L.)compared to other Acrididae spermathecae (Dirsh 1957, Gregory 1965). Gregory (1965) provides an excellent anatomical survey of the spermatheca, spermatophore formation, and sperm transfer in L. migratoria. Gregory describes the ductus seminalis as expanding into a vestibule prior to its connection with the preapical diverticulum and apical diverticulum. Dicromorpha viridis also possesses an apical diverticulum (ad) which is in the form of a small protuberance (Fig. 1) . Here we will call the vestibule the proximal chamber (pc) due to the presence of small hairlike structures on the inside wall similar to the preapical diverticulum (Fig. 2) .
Single Interrupted Matings with Virgins
The first observation of sperm in the spermatheca did not occur until after copulation had passed approximately 30 min in duration. During copulation the spermatophore of the male extends the length of the ductus seminalis and into the preapical diverticulum. Sperm is transferred from the male to the female inside a single spermatophore. The majority of the sperm transferred were in the form of sperm bundles, or spermatodesmes, with the spermatozoa being attached at their heads by a hyaline cap. A few individual sperm were also transferred along with the sperm bundles (Fig. 3) . The sperm were released into the spermatheca, and the number of sperm bundles inside the spermatheca gradually increased with copulation duration (Fig. 4) . In 1 hr into copulation, as many as five bundles were observed in the spermathecae, and after 3 hr into copulation, as many as 14 bundles were observed in the spermathecae. However, individual variation occurred. For example, in one two hour mating, no sperm were transferred, while in another of the same duration, five bundles were transferred.
The rate at which sperm bundles were transferred appeared to decrease after 13 hr (fig 4) . For example, a mating for 5 hr yielded 26 bundles, a mating for 10 hr 47 bundles, but a mating for 20 hr only 44 bundles. In all matings interrupted before 6 hr, most sperm bundles were found in the distal chamber (98% of all sperm bundles found). After that, equal numbers were found in the distal chamber and the proximal chamber. For example, in the mating interrupted at 13 hr into copulation, 47 bundles were found. Twenty four bundles were located in the proximal chamber and 23 bundles were located in the distal chamber. Similarly, for a mating of 19 hr into copulation, 20 bundles were found in the proximal chamber and 25 in the distal chamber.
Multiple Sequential Matings
Both sperm bundles and individual sperm were found inside the spermatheca at early mating times in females that mated twice (Fig. 6) . The number of sperm bundles remained high throughout copulation. The numbers found for any one copulation duration vary among individuals. For example, after one mating for 18 hr there were 56 sperm bundles found in the spermathecae; in another, only 11 sperm bundles were found in the spermathecae (Fig. 4) . Generally the numbers of sperm bundles found after 4 hr or less into copulation in a female that has mated previously are higher than the numbers found in virgins.
The number of individual sperm present decreased as copulation progressed. From 1 to 4 hours, individual sperm were found throughout the spermatheca (Fig. 6a ). Yet at 9 hr, only a few individual sperm were observed inside the spermatheca, and most were present in the proximal chamber of the spermatheca and inside the ductus seminalis. At 15 hr into copulation, only sperm bundles and no individual sperm were observed inside the spermatheca. A few individual sperm were observed inside the spermatheca in 18 and 20 hr into copulation, and their occurrence can be possibly noted as early fragments from the sperm bundles. In some sections where matings were terminated before 6 hr, individual sperm were observed in the "neck" between the distal and proximal chambers, apparently moving from one chamber to the other (Fig. 6) . One interpretation that is consistent with these data is that sperm bundles lose their integrity and break down, and the resulting individual sperm move or are moved inside the proximal chamber and eventually out of the spermatheca.
Larger numbers of sperm bundles were found earlier in the spermathecae of doubly mated females than singly mated females for the same copulation duration . For example, in copulations for one hour, 13 sperm bundles were found in the previously mated female, only five in the virgin female (fig. 4) . After about 12 hr into copulation, there appears to be fewer sperm bundles found in females who have mated previously than in virgin females.
Where sperm bundles were located inside the spermatheca varied among individuals. After 12 hr into copulation, 21 bundles were found in the distal chamber and eight in the proximal chamber of one individual. Yet after 15 hr into copulation, 23 bundles were found in the proximal chamber and seven in the distal chamber of another individual. Almost equal numbers were observed in both chambers in six individuals, more in the proximal chamber (at least 2x as much) in four individuals and more in the distal chamber of 
Sperm Organization x Hours After Copulation Finished
Histological cross sections of spermathecae were obtained from females who had been isolated 24, 48, 72, 96 and 120 hr (n=2 for each) after copulation had terminated. Sperm bundles were only found within the distal chamber of the spermathecae, with one exception. Sperm bundles were found in both distal and proximal chambers in those females that were isolated for 24 hr after copulation ended. Individual sperm were present in both the distal and proximal chambers of the spermathecae in all isolated females.
Sperm Organization with Regard to Oviposition
Adult females were held in individual cages and allowed to oviposit in sand cups for up to seven days in the laboratory. In all females, individual sperm were found in both chambers of the spermathecae, and when found sperm bundles were only observed in the distal chamber. The number of sperm bundles appeared to decrease with the number of egg pods laid. Three females did not oviposit. Thirty sperm bundles were found in two of these females, none in the third. Three females oviposited one egg pod, and two of the three had sperm bundles (n=10 and 13 bundles). Two females oviposited two egg pods; only one of these females had three sperm bundles. More data will have to be collected to determine how many pods a female typically lays before remating, whether sperm bundles do decrease with egg pods laid and what occurs if females do remate between ovipositions. Previous studies have proposed sperm competition among the reasons for lengthy copulations in grasshoppers. Gregory (1965) proposed that L. migratoria mated for an extended duration for a number of reasons other than the need to transfer most of the sperm into the spermatheca. He suggested that it took time to form a complex spermatophore that could act by blocking the deposition of other spermatophores. Parker and Smith (1975) suggested that one function of the lengthy copulation in this same species Locusta migratoria, was to achieve sperm precedence in fer- It has been observed that mating pairs of D. viridis can remain in genital contact for up to 72 hr in the field, and on average copulate around 13.2 hr. Results show that the rate of sperm transfer appears to decrease after 13 hr into copulation. We suspect that many copulations of more than this duration function more to insure mate guarding against future matings than to transfer needed sperm, or as already proposed, flush out (with or without female "help") a previous male's contribution. In some grasshoppers males will remain on a female's back for some time after copulation (Wicker and Siebt 1985) . Such contact has been hypothesized to be one way a male can guard against mating attempts and avoid sperm competition while a female is still receptive (Parker 1970 Butlin et al 1987) , transfer protein(s) during mating and if they continue this transfer during lengthy copulations after the rate of sperm transfer decreases. Vahed (1996) has observed in katydids that lengthy copulations are correlated with the disappearance of protein transfer or decreases in the amount of protein transferred. He suggests that in katydids. and it would be interesting to know if also in grasshoppers, lengthy copulation appears to take the place of "feeding" a female in guarding sperm.
Discussion
